We describe and analyze the effect of an applied field (H appl ) on the current-driven magnetization reversal in pillar-shaped Co/Cu/Co trilayers. Depending on the magnitude of H appl , we observe two different types of transitions between the parallel ͑P͒ and antiparallel ͑AP͒ magnetic configurations of the the Co layers. If H appl is smaller than some threshold value, the transitions between P and AP are relatively sharp and irreversible. For H appl exceeding this threshold value, the transitions are progressive and reversible. We show that this behavior can be precisely accounted for by introducing the current-induced torque of the spin transfer models into a Landau-Lifshitz-Gilbert equation to determine the stability or instability of the P and AP states. This analysis also provides a good description for the field dependence of the critical currents.
I. INTRODUCTION
In 1996, Slonczewski 1 and Berger 2 predicted that the magnetization of a magnetic layer can be reversed by injection of a spin polarized current and spin transfer to the layer. Magnetization reversal without application of an external magnetic field would be of considerable interest to switch magnetic microdevices, so that these theoretical predictions prompted extensive experimental studies of the effect of spin polarized currents on magnetic nanostructures. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The most quantitative results have been obtained on multilayered pillars, 7, [9] [10] [11] typically Co/Cu/Co trilayers, in which the magnetic moment of a thin Co layer is reversed by the spinpolarized current injected from a thicker Co layer. These experiments have confirmed some of the main features predicted by the theory: ͑i͒ the effects induced by opposite currents are opposite: if the current of a given sign favors the parallel ͑P͒ magnetic configuration of the trilayer, the current of the opposite sign favors the antiparallel ͑AP͒ configuration; ͑ii͒ the current densities needed to switch such magnetic configuration are of the order of magnitude predicted by theory, i.e., 10 7 A/cm 2 . On the other hand, the experimental data have not yet established clearly the variation of the critical currents with the layer thickness, nor has the effect of an applied magnetic field been fully understood.
From the theoretical point of view, several models have been developed. In most of them, [13] [14] [15] [16] [17] [18] [19] [20] the calculation of the current-induced torque is based on Slonczewski's concept 1 of spin transfer involving the transverse components of the current spin polarization. Another approach, proposed by Heide, 20 involves the longitudinal components of the polarization and the effect of the current is expressed by an effective exchange-like interaction between the magnetic moments of the two magnetic layers. The second theoretical issue, after calculating the torque, is the description of the reversal process induced by the torque in the presence of applied and anisotropy fields and, in particular, the determination of the critical currents. 4, [21] [22] Here we focus on the influence of an applied field H appl on the magnetization reversal induced by a spin current. We will analyze our experimental results on Co/Cu/Co pillars ͑that were partially published elsewhere 9 ͒ and show the existence of two different field regimes. If the applied field does not exceed some threshold value, there is an irreversible and relatively sharp transition between the parallel ͑P͒ and antiparallel ͑AP͒ magnetic configurations of the Co layers. In a second regime, for fields above this threshold value, the transition between P and AP is progressive and reversible. We will explain that this behavior can be well accounted for by introducing the current-induced torque of the spin transfer models in a Landau-Lifshitz-Gilbert equation to study the stability of the P and AP states. It will also be shown that the existence of these different regimes of the field dependence of the critical currents cannot be explained in a model describing the effect of the current as an effective exchangelike interaction between the magnetic moments of the cobalt layers. 20 A second important issue-the dependence of the critical currents on the layer thicknesses-will be discussed in a further publication.
In Sec. II, we describe the results we obtain in experiments where the current varies at constant magnetic field. These experiments give clear evidence of two different regimes. In Sec. III, we present our theoretical analysis of the stability of the P and AP configurations and we interpret the experimental results of Sec. II. In Sec. IV, devoted to a different experimental approach for the study the magnetization reversal by spin transfer, we present and discuss experiments in which the field varies at constant current. The field dependence of the critical currents is analyzed in Sec. V and we summarize our conclusions in Sec. VI. and AP configurations. This change of resistance ͑GMR effect͒ has been used to determine the changes of the magnetic configuration of the trilayer.
For all the experimental data we present, the initial magnetic configuration ͑prior to the injection of a dc current͒ is a parallel ͑P͒ magnetic configuration of the system with the magnetic moments of the Co layers along the positive direction of an axis parallel to the long side of the rectangular pillar. The magnetic field H appl is applied along the positive direction of the same axis ͑thus stabilizing this initial P magnetic configuration͒. We record the variation of the pillar resistance ͑R͒ as the dc current ͑I͒ is increased or decreased. The results we report here are obtained at 30 K ͑the critical currents are smaller at room temperature͒. In our definition, a positive dc current corresponds to the electron flow from the thick Co layer to the thin one.
In Fig. 1 , we present the variation of the resistance R as a function of the dc current I for H appl ϭ0 and 125 Oe. Starting from a P configuration ͑for Iϭ0) and increasing the current to positive values, we observe only a progressive and reversible small increase of the resistance R, which can be ascribed to some heating of the sample ͑this has been also seen in all other experiments on pillars 7,9-11 when the current density reaches the range of 10 7 A/cm 2 ). In contrast, when the current is negative and at a critical value I C P→AP , an irreversible jump of the resistance (⌬RϷ1 m⍀) is clearly seen, which corresponds to a transition from the P to the AP configurations and therefore indicates the reversal of the magnetic moment of the thin Co layer. The trilayer then remains in this high resistance state ͓the R AP (I) curve͔ until the current is swept to positive values, where, at the critical current I C AP→P , the resistance drops back to the R P (I) curve. In a small range of applied magnetic field ͑that we shall note as regime A͒, this type of hysteretic R(I) curve is the fingerprint of the magnetization reversal by spin injection. This is seen in Fig. 1 by comparing the critical currents values obtained for H appl ϭ0 and H appl ϭϩ125 Oe. We, however, emphasize that, in this example, the shift of I C AP→P , induced by the applied field, is larger than that of I C AP→P . The R(I) curve for H appl ϭϩ500 Oe ͑shown in Fig.  2͒ illustrates the different behavior we observe when the applied fields are higher ͑which we call regime B͒. Starting from Iϭ0 in a P configuration ͓on the R P (I) curve͔, a large enough negative current still induces a transition from P to AP, but now this transition is very progressive and reversible. The R(I) curve departs from the R P (I) curve at If the same type of experiment is done at even higher values of the applied field, the transition is similarly progressive and reversible, but occurs in a higher negative current range. Finally, for very large applied field (H appl ϭ5000 Oe), the transition is out of our experimental current range, and the recorded curve is simply R P (I).
III. CALCULATION OF THE CRITICAL CURRENTS IN THE PRESENCE OF AN EXTERNAL FIELD
In order to study the stability or instability of a P ͑AP͒ configuration in the presence of a dc current, we will study the motion of the magnetic moment of the thin cobalt layer by using a Landau-Lifshitz-Gilbert ͑LLG͒ equation in which we introduce a current-induced torque of the form predicted by Slonczewski.
1 This approach is certainly less quantitatively precise than those based on micromagnetics simulations with non-uniform magnetization, 22 but, as we will see, it can nevertheless account for most of the qualitative features of the experimental results.
Our notation is summarized in Fig. 3 . We denote the unit vectors along the magnetic moments of the thick and thin Co layers as m 1 and m 2 , respectively. We suppose that there is an uniaxial magnetic anisotropy in the layer plane along the x axis ͑the long side of the rectangular layers in our experiments͒ and that m 1 is fixed in the positive direction of this axis. We note û x ϵm 1 the unit vector along the x axis, and û z the unit vector along the z axis perpendicular to the layers. The magnetic field H appl , as in our experiments, is applied along the x axis. The stability conditions for the P or AP configurations are obtained by studying the motion of m 2 when the angle between m 2 and û x is close to either 0 or . The LLG equation can be written as
where H eff ϭH appl ϮH an . ͑2͒ H d ϭ4M s describes the anisotropy induced by the demagnetizing field, H an is the in-plane uniaxial anisotropy, ϩ or Ϫ depend whether the configuration is close to P or AP, and ␣ is the Gilbert damping coefficient. The last term in Eq. ͑1͒ is the contribution from the spin torque, 1 j is the current density and
The coefficient P S is a coefficient of transverse spin polarization and takes different value ( P P or P AP ) depending on whether m 2 is close to either the P or the AP configuration, t 2 is the thickness of the thin Co layer and M s is the Co magnetization.
At this point, it could be noted that an analytical approach based on equations similar to Eq. ͑1͒ has already been used by Katine et al. 7 and Sun 21 to derive the critical currents. However, these authors have considered a particular case only. They first solved the LLG equation without the Gilbert and current-induced terms and derived the motion equation for the small periodic elliptical precession of m 2 around û x ͑or Ϫû x ) generated by only the field terms of Eq. ͑1͒. They then calculated the work of the Gilbert and current-induced terms of Eq. ͑1͒ ͑during a period of this elliptical precession͒, and derived the stability or instability of the configuration from the sign of the calculated work. This method can be applied only when the motion generated by the applied, anisotropy and demagnetizing field, is a periodic precession, i.e., for H appl ϽH an ͑when m 2 is close to Ϫû x around the AP configuration͒ and for H appl ϾϪH an ͑when m 2 is close to ϩû x around the P configuration͒. Our present calculation is more general and holds for any value of the applied field as long as it is smaller than the demagnetizing field. As a consequence, we will show that the regime B of our experimental results is expected in a field range where the approach of Katine et al. 7 The condition for the instability of a given magnetic configuration ͑P or AP͒ is related to the sign of the real part of k 1 and k 2 : a positive sign means that the amplitude of the motion of m 2 increases with time and that the configuration is unstable. k 1 and k 2 are the solutions of the quadratic equation which, after dropping the terms of second order in ␣, is written as
The solution of Eq. ͑7͒ and the expressions for k 1 and k 2 are detailed in Appendix A. Here, we focus on the results corresponding to our experiments, i.e., when H appl is positive and thus favors the orientation of m 2 ͑thin layer͒ in the direction parallel to û x ϭm 1 ͑thick layer͒. The results for nega- tive values of H appl are presented in Appendix B.
The overall behavior for H appl Ͼ0 can be separated into three different regimes, which we will now discuss separately. They are also schematically depicted in Fig. 4 
It turns out that, in regime A, the P and AP configurations are both stable between the negative and positive threshold currents of the two preceding equations. In the diagram of Fig.  4 , this corresponds to the overlap of the stability regions of the P and AP configurations between lines 1 and 2 in zone A. Thus, starting from a P configuration at zero current and going down to negative values of the current, the P configuration becomes unstable at a current for which the AP configuration is stable, and the system can switch directly from P to AP. This occurs at the critical current density j C P→AP :
In Fig. 4 and in the insets ͑␣͒ or ͑␤͒ of Fig. 4 , this corresponds to the points M 0 ͑at zero field͒ or M ͑nonzero field͒. When the current returns to zero and becomes positive, the AP configuration becomes unstable, and it can switch directly to a stable P configuration at the critical current density j c AP→P ͓points N 0 and N in Fig. 4 and in the insets ͑␣͒ and ͑␤͒ of Fig. 4͔ : FIG. 4 . Critical currents vs applied field ͑schematic representation͒. The line 1, derived from Eq. ͑8͒ ϵ Eq. ͑10͒, separates the regions where the P configuration is stable ͑above the line͒ and unstable ͑below͒. The line 2, derived from Eq. ͑9͒ in regime A and Eq. ͑11͒ in regime B, separates the regions where the AP configuration is stable ͑below the line͒ and unstable ͑above͒. The dotted curve in the zone Ϸ␣ 2 H d is a guide for the eye in the cross over regime between regime A and B. In regime A, the stability regions of P and AP overlap between the curves 1 and 2, which leads to the hysteretic behavior shown in insets ͑␣͒ and ͑␤͒, see discussion in the text. In regime B, the P and AP configurations are both unstable in the region between curves 1 and 2, which leads to the progressive and reversible transition shown in inset ͑␥͒, see text.
Such a hysteretic behavior, with direct transitions between P and AP, corresponds to our experimental observations at low field ͑see Fig. 1͒ The condition of instability of the P configuration ͑posi-tive signs of k 1 and k 2 ) is similar to the one derived for the case A, i.e.,
On the other hand, the condition for an unstable AP configuration has changed and becomes
Now there is a current range where none of the P and AP configurations is stable ͑as this can be shown straightforwardly by comparing the two preceding treshold currents for (H appl ϪH an )ӷ␣ 2 H d and H d ӷH an ). Starting from a P configuration at zero current and sweeping the current to negative values, the P configuration becomes unstable at the critical current density j start P→AP ͓point Q in Fig. 4 and in the inset ͑␥͒ of Fig. 4͔ :
However, the AP configuration is not stable at this current density. Taking into account the condition for the stability around ϭ, the AP configuration is reached only at the critical current density j end P→AP ͓point R in Fig. 4 and in inset ͑␥͒ of Fig. 4͔ :
.
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When the current is swept back, the AP configuration becomes unstable at the same critical current density ͓see Eq. ͑11͒, and point R in Fig. 4 and in inset ͑␥͒ of Fig. 4͔ :
The P configuration is reached only for
which is the point Q in Fig. 4 and in inset ͑␥͒ of Fig. 4 . We therefore expect a progressive and reversible transition between P and AP. During the progressive transition, the system is in a state of maintained precession. Fig. 4͒ . The dotted line in Fig. 4 is what is qualitatively expected for the variation of the critical current of the AP configuration in the crossover zone.
The insets of Fig. 4 summarize the expected R(I) variations. The insets ͑␣͒ and ͑␤͒ represent the expected R(I) variations in the regime A. The hysteretic behavior is comparable to what is observed experimentally at low field ͑Fig. 1͒. In Eqs. ͑8͒, ͑9͒ for H appl ϭ0, the asymmetry between the critical currents of the P→AP and AP→P transitions in inset ͑␣͒, comes from the difference between G P and G AP . When H appl increases both transitions are shifted to the left, as represented in inset ͑␤͒. The larger shift we observe for j c APϪP in Fig. 1 is probably due to the deviations from Eq. ͑9͒ when one approaches the crossover region between regimes A and B. The inset ͑␥͒ represents the R(I) curve expected in the regime B. The slope corresponds to the progressive and reversible transition between Q and R in Fig. 4 . This behavior corresponds to what is observed experimentally at high field in Fig. 2 . Such a behavior cannot be predicted by calculations 7, 21 assuming that the motion of m 2 is a periodic precession, which is obviously not the case in regime B.
In order to extend our approach to a more quantitative level, we have also calculated the critical currents in both regimes predicted by Eqs. ͑8͒-͑11͒. The parameter we use are t 2 ϭ2.5 nm, P P ϭ0.07 and P AP ϭ0.41 ͑derived in the model of Fert et al. 19 from CPP-GMR data on Co/Cu multilayers 24, 25 ͒, ␣ϭ0.007 ͑Ref. 23͒, H d ϭ1.79 T and H an ϭ150 Oe, which is approximately the field of the crossover between regimes A and B in our experiments ͑this value is also close to the value of H an derived from the numerical calculations of Chen et al. 26 . This shows that the expressions of the spin transfer model predict the right order of magnitude for the critical currents in both the A and B regimes. The stronger discrepancy for j end P→AP may be due to the difficulty to determine precisely the point where the R(I) curve merges into the R AP (I) curve ͑see Fig. 2͒ and to the probable underestimate of j end P→AP . Finally, it is interesting to see what are the conditions for the occurrence of the instabilities if the effect of the current is described by an effective interaction energy of the form E int ϭϪg jm 1 .m 2 , as in the model proposed by Heide. 20 This interaction can be expressed by an effective field ϰg jû x which adds to H eff û x in the first term of the LLG equation ͓see Eq. ͑1͔͒. Following the same approach as above to determine the stability ͑or instability͒ of the P and AP configurations, one can find only a hysteretic behavior with direct transitions for
In other words, this approach does not predict the existence of a regime with nonhysteretic and reversible reversal, which is in clear contradiction with the observations at high field. Furthermore, ͑as we will also show later͒ the field dependence of the critical currents expected from Eq. ͑14͒ is not consistent with the experimental variation. However we cannot rule out some mixing of a small exchange like interaction into a predominant Slonczewski-like term.
IV. RESISTANCE vs APPLIED MAGNETIC FIELD AT CONSTANT dc CURRENT
In Fig. 5 , we present the variation of the resistance ͑R͒ of a pillar as a function of the applied field (H appl ) for several values of the dc currents (Iϭϩ50, Ϫ30, Ϫ40, and Ϫ50 mA͒.
The R(H appl ) curve for Iϭϩ50 mA is flat, i.e., there is no GMR. This means that a large positive current is able to maintain the P configuration of the Co magnetic moments throughout our experimental field range. This can be compared with what occurs when there is a strong ferromagnetic interlayer coupling.
In negative currents, on the other hand, the R(H appl ) curves exhibit a bell-shaped profile, which mimics the GMR of an antiferromagnetically coupled trilayer. In addition the width of the bell-shaped R(H appl ) curves broadens when the current increases, in the same way the GMR curves broaden when the strength of the AF coupling increases. The variation of R with H can be related to what is expected when one moves on the horizontal line ST of the diagram of Fig. 4 . Starting from high field at IϭϪ50 mA, for example, the upturn from the baseline at about H appl ϭϩ5600 Oe indicates the beginning of the progressive transition from P to AP at point S in Fig. 4 ͑in the regime B of the diagram, as expected at high field͒. As H appl decreases from 5600 Oe to a small value close to the anisotropy field, the progressive ͑and reversible͒ increase of R corresponds to the progressive crossover from P to AP between S and T. It, however, turns out the noise in the R(H) curves at small field in Fig. 5 does not allow us to determine precisely the field H T at which the point T is reached. When H appl becomes negative, the moment m 1 of the thick Co layer is reversed. But, at low field ͑regime A͒ in the presence of a large negative current, the P configuration is unstable and the AP one is stable, so that there is an immediate reversal of m 2 restoring the AP configuration. This explains why there is practically no discontinuity of the R(H appl ) curves in the region of their maximum.
Quantitative values of j start P→AP for a given applied field can be extracted from the R(H appl ) curves, for example, j start P→AP (5600 Oe͒ϭϪ50 mA. We will make use of these data in the discussion of the field dependence of the critical current of the transition from P to AP in the next section. On the other hand, as discussed above, the value of the field H T cannot be precisely derived from our experiments, so that j start AP→P (H appl ) cannot be reliably estimated and its field dependence will not be discussed.
V. FIELD DEPENDENCE OF THE CRITICAL CURRENTS
The experimental values of the critical current characterizing the instability of the P configuration in one of our samples are plotted as a function of the applied field in Fig.  6 . This includes the critical current j c P→AP derived from the experiments of Sec. II ͑for clarity, as the field range of these experiments is very narrow compared to the scale of Fig. 6 , only the value at zero field has been plotted͒ and the critical current j start P→AP of regime B taken from the R(H appl ) data of 
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The variation with H appl calculated with H d ϭ1.79 T and H an ϭ150 Oe ͑see Sec. III͒ is represented as a dotted line on Fig. 6 . The agreement between the slopes of the experimental and calculated lines is rather satisfactory. In contrast the experimental variation is in strong disagreement with the dashed line expected from Eq. ͑14͒ when the effect of the current is described by an effective interaction 21 ϰm 1 •m 2 .
VI. CONCLUSIONS
The following main conclusions can be derived from our experimental results and their analysis.
͑1͒ The experimental results for magnetization reversal by spin transfer in the presence of an external magnetic field show the existence of two qualitatively different regimes: a low field regime A, with direct and irreversible transitions between the P and AP configurations of the trilayer, and a high field regime B with progressive and reversible transitions. The stage of progressive transition in regime B is supposed to be a state with current-maintained precession and spin wave emission. 3, 11 ͑2͒ The existence of the regimes A and B can be theoretically explained by a calculation in which Slonczewski's spin torque is introduced in a LLG equation to study the stability of the P and AP configurations. Our experimental results can be accounted for in the schematic diagram of Fig. 4 .
͑3͒ The field dependence of the critical currents can be reasonably well accounted for by the expressions derived by including the spin torque of Slonczewski into the LLG equation. In contrast there is a strong discrepancy between the experimental field dependence and what is expected when the effect of the current is expressed by an effective exchangelike interaction.
